Introduction: The objective of the present research was to carry out a comparative assessment of copper, zinc, and selenium concentrations in the meat of edible land snails collected in Poland (Helix pomatia, Cornu aspersum maxima, and Cornu aspersum aspersum), as well as to determine the effect of preliminary processing of Roman snails (Helix pomatia) on the content of the aforementioned elements. Material and Methods: In the first stage, determinations were made on unprocessed snail meat. In the second stage, the study focused on Roman snails and consisted in an additional evaluation of frozen meat after full processing. Zinc and copper contents were determined by flame atomic absorption spectrometry and the selenium content was established by graphite furnace atomic absorption spectrometry. Results: The selenium content differed significantly among all three species. The copper content in Roman snails differed significantly from that in farmed snails. No significant difference in the zinc level was noted among the three snail species. The selenium content in raw and processed meat of Roman snails did not show any significant difference while the copper and zinc level was significantly higher in processed meat samples.
Introduction
In the last decade, increasing global consumption of snail meat has been observed along with a clear rise in consumer demand for both free-living and farmed snails. The most commonly consumed snail species from the Helicidae family are free-living Roman snails (Helix pomatia) and farmed common snails from the Cornu genus (Cornu aspersum maxima -CAM -and Cornu aspersum aspersum -CAA). In nomenclature use is still made of older scientific names for CAM -Helix aspersa maxima -and CAA -Helix aspersa aspersa. These species from the Cornu genus can also be known by their common names: "petit-gris" or brown garden snail for CAA and "gros-gris" or big brown snail for CAM. Snails harvested in Poland are exported to France and other European Union countries, but a small portion is also consumed in Poland. Snails are exported live, hibernated, or in the form of frozen meat (14) .
The chemical composition of edible snail meat proves its high nutritional quality, which results primarily from the presence of complete protein and essential unsaturated fatty acids. Helix pomatia meat is characterised by higher protein and fat contents and a lower water level compared with the meat of farmed snails of the Cornu genus. Snail meat has a low carbohydrate content and energy value, but provides large amounts of calcium, potassium, magnesium, copper, zinc, and selenium, as well as B-group vitamins (14) .
Trace elements, including selenium, copper, and zinc, are of fundamental importance to the human body. All three element concentrations show natural variation in the environment, and their ambient content affects the levels of these micronutrients in snail meat because of the high bioaccumulation potential of snails (8, 9, 18) . Snails of the Helix pomatia and Helix aspersa species can accumulate copper above the environmental concentration, but zinc at or below its ambient level (10) . Generally, the human diet should be rich in micronutrients, which are vital for maintaining health. Hence it is important to determine the micromineral content in snail meat.
The objective of the study was to carry out a comparative analysis of selenium, copper, and zinc levels in the meat of snails collected in Poland and to assess the effect of pre-consumption procedures on the contents of these elements in Roman snail meat.
Material and Methods
Material. The study was performed on three species of edible snails harvested in Poland: Roman snails (Helix pomatia) and two species of farmed snails from the Cornu genus (Cornu aspersum maxima and Cornu aspersum aspersum). The study material comprised a total of 160 snail meat samples, including 80 samples from Roman snails, 40 samples from brown garden snails, and 40 samples from big brown snails. The Roman snails were harvested in four provinces in Poland (Greater Poland, West Pomerania, Lower Silesia, and Lubuskie), and from each province 20 Roman snail meat samples were examined (10 samples immediately post-euthanasia and 10 after full processing). The Cornu species were gathered from heliculture situated in Greater Poland Province.
Meat sample preparation. The snails were cold stored at 4°C-12°C for 10-12 days to purge the digestive tract, then washed under running water, salted, and euthanised with steam. The determinations were performed on the edible portions of snails, that is the foot with collar and a fragment of the mantle. The study consisted of two stages. In the first stage, determinations were made on snail meat obtained immediately post euthanasia without any further processing (raw meat). In the second stage, the study focused on Roman snails and consisted in an additional evaluation of frozen meat after full preconsumption processing, i.e. scalding, evisceration, cooking, cooling, and freezing (Fig. 1) . Prior to the examination, snail meat was put in a fridge and kept at 4°C for 24 h to thaw. A laboratory specimen comprised 20 randomly selected snail carcasses homogenised to obtain uniform research material using a handheld blender with stainless steel blades. The samples (0.5 mg) were taken from homogenate and mineralised with 3 mL of nitric acid (V) in a Mars Xpress microwave oven digester (CEM Corporation, USA). Three levels of mineralisation were applied. After mineralisation, the samples were transferred into 50 mL graduated flasks and diluted to the mark with distilled water. After that, the content of selected metals was determined. The 0.5 g samples were mineralised in a Mars Xpress microwave mineraliser (CEM Corporation, USA).
Fig. 1. The pattern of snail meat processing stages
Chemical analysis. Zinc and copper contents were determined by flame atomic absorption spectrometry (FAAS) in a SpectrAA 280 FS fast sequential atomic absorption spectrometer (Varian, Australia) in an air-acetylene flame, using an auto diluter for standards and samples (SIPS). The selenium content was established by graphite furnace atomic absorption spectrometry (GFAAS) in a SpectrAA 280 Z atomic absorption spectrometer (Varian) with electrothermal atomisation.
Statistical analysis. The obtained results were analysed statistically with STATISTICA 9.1 (StatSoft, part of Tibco, USA) and expressed as the arithmetic means and standard deviation. The normal distribution in each group was checked with the Shapiro-Wilk test. The influence of each variability factor on the determined parameters was established using the one-way analysis of variance (ANOVA) for groups for which the assumption of homogenous variances was fulfilled. Rejecting the null hypothesis that all the means are equal, the post-hoc Tukey's t-test with multiple confidence intervals was applied to compare the groups for statistically significant differences. Those differences between the means were determined at the P ≤ 0.05 level. In the case of Cu (Table 1) and Zn in processed meat (Table 2) when the assumption of homogenous variances was not fulfilled, a Kruskal-Wallis test was used. After null hypothesis rejection the Mann-Whitney U test for multiple comparisons was applied.
Results
The results are presented in Tables 1 and 2 . Table 1 compares the Se, Cu, and Zn contents in raw meat samples from the three snail species. The selenium concentration differed significantly among the three snail species. The Se level was the lowest in the raw meat of Roman snails (0.09 mg/kg), higher in the meat of large brown garden snails (0.16 mg/kg), and the highest in the meat of small brown garden snails (0.19 mg/kg).
The copper concentration in H. pomatia was 14.8 mg/kg and differed significantly from that in raw meat samples of farmed snails, which amounted to 6.22 mg/kg in Cornu aspersum maxima and 3.99 mg/kg in Cornu aspersum aspersum. No significant differences were found among the samples from farmed snails.
No significant differences in the Zn content were found among the meat samples. Its concentration ranged from 19.81 mg/kg in Roman snails to 20.93 mg/kg in small brown garden snails.
The highest Se amount was found in Roman snails from Lubuskie and West Pomeranian provinces, whereas the lowest was in those from Greater Poland province (Table 2 ). Cu was the most concentrated in snails from Lower Silesian province, and the least in those from West Pomeranian province. Zinc had the best bioaccumulation in H. pomatia from West Pomeranian province, and the worst in those from Lower Silesian province. The comparative study of Se contents in the raw and processed meat of Roman snails originating from all the regions investigated did not reveal any significant differences. The raw meat samples contained 0.09 mg/kg of Se, whereas the processed ones yielded 0.1 mg/kg. In West Pomeranian and Lubuskie provinces, higher selenium content was determined in processed meat. Taking into account the mean values of all four regions, an increase in the Cu content was observed from 14.8 mg/kg in raw meat to 20.59 mg/kg in processed meat. Notably, the increase in copper concentration in processed meat was not statistically significant only for Lower Silesian province. All samples from all provinces showed significantly higher Zn contents in processed meat. A comparison of the mean Zn contents in Roman snails revealed that the concentration of this mineral amounted to 19.81 mg/kg in raw meat, whereas in processed meat it increased to as much as 32.38 mg/kg.
Discussion
The analysis of edible snail tissues showed significant differences in selenium concentration between free-living Helix pomatia and farmed snails of the Cornu genus, which may be attributed to the selenium-poor habitats of Roman snails. The Se concentration in the environment affects its content in snail meat because of the snail's great ability to bioaccumulate this element (10). Dębski et al. (6) showed that over 70% of the total area of Poland is Sedeficient. On the other hand, soil on which snails of the Cornu genus are farmed may have a higher natural Se level or may be Se supplemented. Selenium content in the environment has decisive impact on its level in snail meat as Se has been shown to bioaccumulate easily in snails (8, 18) . Among all the Roman snail samples investigated, those originating from the Greater Poland province had the lowest Se content (0.04 mg/kg). The studies on Se concentration in soil from this province, which is considered the Se-deficient area, showed this element at 0.19 mg/kg content on average (2) . Arable land on the Cornu genus snailproducing farms here may naturally have a higher Se content or be supplemented with this micronutrient. Higher Se concentration was noted in the soils of southern Poland, a region known to be under strong human pressure, where the range 0.060-0.818 mg/kg was measured (1) . The meat of snails originating from Moldavia, Ukraine, and Russia had Se content between 130 and 423 μg/kg, depending on the geochemical characteristics of the habitat, with the highest Se content determined in snails from Moldavia (18) . Generally, it is vital to choose an appropriate soil environment for heliciculture. The supplementation of soil with Se may be an effective method of increasing the content of this micronutrient in snail meat. The concentration of this essential mineral in the meat of the snails under study, especially in farmed snails, was higher than in pork (0.078 mg/kg), beef (0.064 mg/kg), and horsemeat (0.039 mg/kg) from Poland (15, 17) . Therefore, snails may be an excellent source of Se in the human diet.
The present study revealed a significantly higher Cu content in Roman snails compared with farmed snails. Given that snails from the Helicidae family are known to readily accumulate the element, the difference in the Cu content between the free-living helix genus and the farmed cornu genus may have been due to differences in its content in local soils (8) . Subject to soil type Cu and Zn contents can markedly vary. It is generally recognised that an elevated concentration of trace metals in soil can serve as an indicator of human impact on the environment (16) . The highest Cu concentration (27.17 mg/kg) was found in the H. pomatia snails originating from the Lower Silesian province where, in the Legnica -Głogów copper belt, Cu deposits and smelters are located. Mining of Cu ores, their processing and metallurgical engineering are the major sources of soil contamination with Cu, especially in close proximity to smelters (11) .
Compared with those observed in the present study, higher Cu and Zn concentrations were noted in the meat of three snail species (Helix pomatia, Helix aspersa, and Arion rufus) harvested in northern Italy. Markedly higher Zn levels were determined in the hepatopancreas, whereas the Cu content in this organ and in the foot did not substantially exceed the content determined in this work (13) . Coughtrey and Martin (3) collected Helix aspersa from three sites in Great Britain and showed a higher Cu concentration and a lower Zn content in the foot of these snails compared with the farmed snails used in the present research. Besides, it was found that most Zn was accumulated in the hepatopancreas, whereas higher Cu amounts occurred in the foot. Zinc is deposited in many organs, but its highest level, of up to 70%, is found in the hepatopancreas. On the other hand, the distribution of Cu in snail organs is relatively even, without a clear preference for the hepatopancreas (5).
Gomot and Pihan (8) highlighted some differences in the affinity for Cu and Zn between H. aspersa aspersa and H. aspersa maxima. It was demonstrated that the small brown garden snail has greater bioaccumulation ability than the large garden brown snail. These findings are not consistent with the results of the present research in which the contents of both metals in the meat of the two farmed snail species were similar.
According to the present research results, the processing procedures for snail meat result in higher Cu and Zn contents, but do not change the Se content significantly. Elevated Cu and Zn concentrations in the processed meat can result from relative dry mass increase caused by water loss during the thermal protein denaturation process. During cooking, proteins denature and lose water binding capacity. An analysis of the effect of culinary treatment on Zn concentration in veal also showed a significantly higher content of this element in cooked meat (5.39 mg/100 g) than in raw meat (3.44 mg/100 g) which likely results from water loss during thermal processing (12) . Similar findings concerning Cu and Se contents were reported in fish meat studied in Portugal. The cooked meat of fish had more Cu (0.25 mg/kg) than raw meat did (0.19 mg/kg) with no significant difference in the Se concentration (4) . Slightly different relationships between cooked and raw meat were noted in rainbow trout meat. The research underlined a decline in Zn concentration from 9.68 mg/kg in raw meat to 3.20 mg/kg in cooked. Similarly, the Cu content was lower in cooked meat (0.08 mg/kg) than in raw (0.33 mg/kg) (7) .
The content of the studied micronutrients in snail meat greatly correlates to their concentration in the soil. copper, zinc, and selenium concentrations in the environment are closely associated with their naturally varied distribution patterns in soil as well as environmental contamination as the effect of human activities in agriculture and industrial processes. It is important to select the appropriate land for snail farming, hence Se enrichment of soil can be a good way to supplement its level in farmed snail meat. What should be emphasised is the risk associated with Cu and Zn excess in the snail-gathering areas and, therefore, the need for action to prevent these micronutrients from entering the human body in undue amounts. It is advisable to perform detailed studies on Cu and Zn contents in the H. pomatia harvest sites.
In conclusion, the present research on the meat of edible snails showed different levels of Se, Cu, and Zn depending on species, collection site, and technological processing. Roman snails harvested in the natural habitat accumulate significantly more Cu and less Se compared with farmed snails. According to literature data, these snails are very efficient Se bioaccumulators, which implies that they were obtained from a low-Se environment. Cu concentration in the Roman snail meat was two-fold higher as compared to farmed snail meat, which is likely to arise from H. pomatia's occurrence in Cu-contaminated areas. There were no significant differences in Zn and Cu contents between Cornu aspersum maxima and Cornu aspersum aspersum, but the latter species had a significantly higher Se content, and that implies its higher bioaccumulation capacity for this micronutrient. It was also shown that processing, especially cooking followed by freezing, resulted in significantly increased Cu and Zn concentrations in Roman snail meat, without affecting the Se concentration.
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